Bioremediation approaches for the treatment of oily sludge from a refinery were evaluated using a 2 3 factorial design. The three strategies tested were bioaugmentation with indigenous microbial consortia (MO) isolated from oily sludge, biostimulation with nutrients (NP) and biostimulation with the surfactant Triton X-100 (TX). Eight experimental runs were conducted in triplicate with factor settings AE (high/low) as per the 2 3 design. The main effects and the effects of various interactions of the factors on oil degradation and microbial growth in suspension were evaluated during a 30 day study. Multifactor ANOVA could reveal the significant effects while the normal order score approach failed in this scenario.
Introduction
Oily sludge is generated from petroleum reneries in huge quantities as a byproduct of various processes and operations. A massive amount of oily sludge is also disposed off from the bottom of crude oil storage tanks during cleaning and maintenance. The handling and disposal of such huge volumes of waste is a major challenge. Oily sludge is a complex mixture of petroleum hydrocarbons and other solids, including heavy metals, that are carcinogenic and potent immunotoxicants. Apart from physicochemical treatment technologies, bioremediation is a clean, environmentally friendly treatment technology that can be used for the degradation of oily sludge generated in oil reneries.
1-3
Although they have been successfully applied, landfarming approaches have certain limitations in terms of their large space and time requirements and air pollution due to the emission of volatile organic compounds. In contrast, slurry phase degradation can provide rapid and extensive degradation of oil by enhancing mass transfer rates and promoting interaction among microorganisms, pollutants and nutrients. [4] [5] [6] Two approaches can be used to enhance the bioremediation process i.e., bioaugmentation with a native or tailored microbial consortium and biostimulation with nutrients and surfactants in controlled batch slurry systems. 4, [7] [8] [9] [10] [11] However, the effect of such approaches is not benecial in all scenarios. Possible reasons for this could be site specic features such as soil or sludge type, the distribution of contaminated hydrocarbons and the presence/distribution of indigenous microorganisms capable of degrading the contaminants.
A mixed consortium of microorganisms may exhibit various modes of hydrocarbon uptake, such as: uptake of soluble hydrocarbons, uptake of emulsied forms or direct interfacial uptake facilitated by the development of hydrophobic cell surfaces. Bioaugmentation with mixed microbial consortia is preferred due to their wide metabolic networks, through which they can easily assimilate the complex hydrocarbons in oily sludge or oil contaminated soils. 9, [14] [15] [16] [17] [18] Moreover, the enrichment of indigenous microorganisms and bioaugmentation with these enriched microorganisms which are well adapted to the contaminated environment has been recommended by various researchers. 10, 15 Biostimulation with surfactants may increase the bioavailability of hydrocarbons by emulsication and also by altering the microbial cell surface properties so as to increase the interaction between the microbes and hydrocarbon contaminants. 2, 11, 12, [17] [18] [19] [20] Oen oil contaminated soil or oily sludge is found to have a much higher carbon content in comparison to nitrogen (N) and phosphorous (P). An adequate supply of N and P is essential for microbial growth and contaminant degradation. Moreover, during the course of natural attenuation, nutrient depletion may lead to a reduction in the indigenous microbial population. Thus, biostimulation with nutrients in the form of N and P is oen found to induce contaminant degradation by the native microbial population, while the activity of bioaugmented cultures is also enhanced.
2,11,12,21
Laboratory feasibility tests for bioremediation are essential to determine the potential of indigenous microbes to degrade pollutants and to evaluate strategies for optimizing the rate and extent of degradation before pilot/full scale design of in situ or ex situ treatment schemes. Various studies focusing on comparative treatment studies of different bioremediation strategies make use of statistical tools to evaluate the signi-cant differences between treatments. 3, 11, 12 In this study a 2 n full factorial design was used to investigate the effect of various factors so as to identify an appropriate treatment scheme for bioremediation of oily sludge from a renery. This design can be used for screening a number of independent factors while minimizing the number of experimental runs. Statistical analysis of the results can provide useful information on bioremediation strategies. Three factors likely to inuence biodegradation of oily sludge in laboratory batch systems were identied as bioaugmentation with indigenous microorganisms, biostimulation with nutrients and biostimulation with surfactants. Two different response variables were chosen, i.e., oil degradation in the system and microbial growth in suspension aer 30 days. A key objective was to determine the main effect of each of these factors and the effect of interactions between various factors so as to reveal possible synergism/antagonism among the three strategies. Although these strategies are commonly employed for oily sludge bioremediation, synergistic/antagonistic interactions among these strategies have not been explored by other researchers. The effects were quantied based on the 2 3 design and the signicance of these effects was determined based on analysis of variance (ANOVA).
Materials and methods

Source of chemicals
The chemical surfactant Triton X-100 was procured from SD Fine Chemicals Pvt. Ltd. (Mumbai, India). The various chemicals used for preparation of mineral media, nutrient broth and bacteriological agar were procured from SD Fine Chemicals Pvt. Ltd., SRL industries Ltd., Merck and Hi Media Pvt. Ltd. The high purity dichloromethane (DCM) used for extraction was obtained from Merck (India).
Source of oily sludge
The oily sludge was obtained from the weathering pits of a petroleum renery in Mumbai (India) during August, 2010. The sludge was dewatered and centrifuged under high pressure to recover almost 90% of the crude oil prior to its disposal in the weathering pits. The sludge was collected from the renery site, dried, sieved, homogenized and stored at 4 C. The batch biodegradation studies reported here were conducted almost two years aer the sludge was collected (October-November, 2012).
Isolation and enrichment of microorganisms from renery oily sludge
Laboratory experiments were conducted to isolate and enrich microorganisms from the oily sludge. Enrichment was conducted in 500 mL asks containing 100 mL mineral medium 17 with 0.5% (w/v) oil extracted from the sludge as the sole substrate. Isolation of pure cultures was carried out both by spread plating and streak plating on nutrient agar plates. The isolates were identied based on 16S rDNA sequencing (Macrogen, Inc., Korea) followed by BLAST analysis (NCBI) and were identied based on the closest match with available sequences in the database. Five pure cultures were combined and used for bioaugmentation in the oily sludge biodegradation studies.
2 n full factorial design
A 2 3 full factorial design was utilized in which eight runs were conducted at an appropriate setting for each factor. The three factors were chosen as bioaugmentation with indigenous cultures isolated from sludge (MO), biostimulation with nutrients (NP) and biostimulation with Triton X-100 (TX), a chemical surfactant. The effects of the three factors were studied on two response variables i.e., % degradation of total petroleum hydrocarbons (TPH) in sludge over 30 days and increase in viable count in the aqueous phase (ln(N/N 0 ), where N 0 and N are viable count in the aqueous phase at 0 and at 30 days). Eight runs were conducted as per the design matrix for the 2 3 full factorial design to determine the main effects, and the effects of binary and ternary interactions. 22 The level of the three factors (AE) in each run was controlled as per the design matrix. The normal plot approach and analysis of variance (ANOVA) approach were both used to evaluate the signicant main effect and the interaction effects. The ANOVA was performed using STATISTICA ver.8.
Biodegradation study
A thirty day long biodegradation study was set-up as per the full factorial design matrix. For each run as specied in this matrix, triplicate batches were set-up. Each batch ask (500 mL) contained 10% (w/v) oily sludge in 100 mL mineral media (MM). Biostimulation consisted of the addition of nutrients in the form of nitrate-nitrogen (NO 3 -N) and phosphate-phosphorous (PO 4 -P). The MM already contained some N and P at a baseline level (À) of 222.4 mg L À1 N as NH 4 -N and 198.66 mg L À1 P as PO 4 -P such that the N : P ratio was 1.21 : 1 (mass basis). For nutrient addition (NP+), additional N and P i.e., 70 mg L À1 NO 3 -N and 31.2 mg L À1 PO 4 -P were supplemented in the medium in the forms of KNO 3 and KH 2 PO 4 , respectively. A nonionic surfactant, Triton X-100, was also used to study its effect on the extent of oily sludge degradation. Flasks biostimulated with Triton X-100 (TX+) contained the surfactant at twice the critical micelle concentration (CMC). For bioaugmentation (MO+), 5 mL of the 5-member reconstituted consortium adjusted to unit absorbance at 600 nm was added as inoculum. These cultures enriched and isolated from the oily sludge were maintained in the laboratory using 0.5% (w/v) oil extracted from the sludge. The reconstituted consortium was prepared by the addition of each of the strains in equal proportions aer growing them up to end of the log phase. The asks were sacriced initially (i.e., day 0) and aer 30 days of incubation at 35 C and 150 rpm in a rotary shaker. The sludge slurry contained in the asks was ltered. The residual sludge collected in the lter paper was further analyzed for the residual oil content at the outset i.e., day 0, and aer 30 days. The aqueous suspension obtained was analyzed for pH, viable cell count and total organic carbon (TOC) content. Moreover, liquid-liquid extraction using dichloromethane as a solvent (in a ratio of 1 : 1) 19 was also performed to estimate oil/total petroleum hydrocarbons (TPH) in the aqueous suspension. Residual TPH in the sludge was estimated by soxhlet extraction using dichloromethane as a solvent followed by gravimetric analysis and % degradation of oil was computed based on the zero day values. Standard error (SE) was based on the propagation of error for studies conducted in the triplicate setup. Viable counts in the aqueous phase of the sludge slurry set-up were determined through a standard plate count procedure at 0 and 30 days, and ln(N/N 0 ) was determined as a measure of culture growth in suspension.
Results and discussion
Oily sludge is a natural material that is oen reported to have microbial cultures associated with it. In batch biodegradation studies with this oily renery sludge, Jasmine and Mukherji 23 have earlier demonstrated that in batch systems where no microbial cultures were added (un-spiked controls), a large variability in oil biodegradation was observed (44 AE 10% over 30 days). In contrast, systems containing 0.1% sodium azide added as a biocide showed negligible oil degradation (6 AE 4.5% over 30 days). Loss of oil in the un-spiked controls was found to increase progressively with time and this was coupled with an increase in the culture count in the aqueous phase. In some cases, biodegradation in the un-spiked controls was almost comparable to systems where specic aliphatic and aromatic hydrocarbon degrading Burkholderia cultures were added extraneously. The predominant cultures found in the aqueous phase of the un-spiked controls were isolated and identied. The large variability observed in the unspiked controls indicated heterogeneity in the distribution of these microorganisms in the sludge. The strains isolated from oily sludge were identied through 16S rRNA analysis. The predominant cultures were identied as Microbacter sp., Bacillus sp., Pseudomonas aeruginosa, Acinetobacter baumannii and Stenotrophomonas sp. Each of these strains exhibited good growth when 0.5% (w/v) of the oil extracted from oily sludge was provided as the sole source of carbon and energy ( Fig. 1 ) and the end of log phase was reached within 7 days. Ongoing studies have revealed the remarkable ability of these cultures to utilize hydrocarbons across various groups as a sole substrate, including n-alkanes, cycloalkanes, and 2-, 3-and 4-ring PAHs (unpublished results). Although the degradation of hydrocarbons, crude oil and oily sludge by Pseudomonas sp., Acinetobacter sp., and Bacillus sp. is widely reported, 7, 14, [24] [25] [26] [27] no previous studies have reported the role of Microbacter sp. or Stenotrophomonas sp. in oily sludge degradation.
In this study, a reconstituted consortium comprised of these strains was used for bioaugmentation. The use of mixed indigenous microbial consortia may be advantageous due to possessing a broader metabolic capacity, synergistic effects and co-metabolic effects. 7, 21 These indigenous microorganisms are expected to be better acclimatized to the oily sludge and may exhibit better tolerance to co-contaminants 11 compared to other extraneous oil degrading cultures. Nitrate was supplemented as nitrate-nitrogen in the batches with nutrient supplementation since an excess of ammonium nitrogen is known to be toxic to some microorganisms. An excess of phosphates is also sometimes reported to be toxic to microorganisms, such that microbial degradation may be adversely affected in nutrient supplemented systems. The nonionic surfactant Triton X-100 was used in this study since nonionic surfactants are comparatively less toxic and Triton X-100 has been reported to enhance microbial degradation of oil. The Table 1 . The oily sludge contained 9-10.5% oil on a dry weight basis. Signicant variation was observed in the experiments due to the heterogeneous distribution of oil and microorganisms in the sludge, as illustrated by the SE values. TPH associated with the aqueous phase was consistently found to be very low (0.35 AE 0.17%), hence, % degradation was estimated solely based on TPH determined by soxhlet extraction of the sludge. This study revealed that bioaugmentation with microorganisms and biostimulation with nutrients and surfactants increased the extent of degradation of oil in oily sludge to 57 (AE9.3)% over 30 days. In contrast, the individual treatments (i.e., only the addition of microorganisms, only the addition of nutrients or only the addition of surfactants) yielded much lower degradation of oil. Oil degradation over 30 days was only 6.7 AE 3.1% in the controls where neither bioaugmentation nor biostimulation was performed. Interestingly, for studies conducted with the sludge within a year of sludge collection, TPH degradation in the uninoculated controls was much higher, i.e., 44 AE 10%. 23 Thus, prolonged storage at 4 C decreased the activity of the indigenous cultures. With the addition of nutrients only, oil degradation with respect to the initial oil content was 32.4 AE 9.7%, whereas the addition of only Triton X-100 increased oil degradation to 39.1 AE 4.6% over 30 days. Bioaugmentation with the microbial consortium alone caused 20.5 AE 3.0% oil degradation over 30 days. Further interpretation regarding the impact of using multiple strategies, i.e., the simultaneous addition of nutrients and surfactants, and simultaneous bioaugmentation and biostimulation with nutrients were interpreted using factorial design and ANOVA concepts. The inuence of the various factors i.e., bioaugmentation with indigenous cultures isolated from sludge (MO), biostimulation with nutrients (NP) and biostimulation with Triton X-100 (TX) could be determined for both sets of response variables, i.e., oil degradation and culture growth in suspension over 30 days based on the 2 3 factorial design as illustrated in Fig. 2a and b . The average oil degradation over 30 days across all the experimental runs was 31.3% and average culture growth in suspension (ln(N/N 0 )) was 1.02. All the main effects and interaction effects increased the oil degradation over 30 days except for the binary interactions between nutrient and surfactant addition and bioaugmentation and surfactant addition. Surprisingly, the main effect of bioaugmentation was to reduce culture growth in suspension. All the other main effects and binary and ternary interaction effects were positive when culture growth in suspension was used as the response variable. Aer calculating the average values of the main effects, the effects of two way interactions and three way interactions were determined, and an attempt was rst made to determine if the normal order score approach could highlight the signicant effects. However, this approach failed to provide much insight on the signicant main and interaction effects as illustrated in Fig. 3a and b . In the normal order score approach, the effects that are random and normally distributed fall on a straight line when effects are plotted against the normal order score. In contrast, signicant effects that are not randomly distributed fall off the straight line joining the random effects. 22 A straight line passing through the origin could not be tted for the data illustrated in Fig. 3a and b. However, since each run was conducted in triplicate the signicant and insignicant effects could be determined based on ANOVA. The ANOVA approach yields more insight since it reveals information contained in the replicates which is missing in the normal order score approach.
Multifactor ANOVA was performed using STATISTICA and the results are summarized in Table 2 . The signicance of main and interaction effects may be determined based on the Fstatistic and p-value. Statistically signicant main effects of NP and Triton X-100 addition were found for both the measured response variables at a 90% condence level. However, the main effect of bioaugmentation was signicant for TPH degradation but insignicant in the case of microbial growth in suspension.
The addition of nutrients had signicant effects on the extent of degradation and also on microbial growth in the aqueous phase. Thus, the nutrients present in the baseline media cause a limitation in the bioremediation of oily sludge over the 30 day duration. Interestingly, most of the two way interactions other than that between bioaugmentation and nutrient addition were insignicant while the three way interaction between all of the three factors was signicant. Thus, simultaneous addition of nutrients and surfactants along with bioaugmentation with indigenous cultures may offer a signi-cant benet in bioremediation of this renery sludge. Thus, complex interactions affect oil biodegradation and culture growth in the aqueous phase in this oily sludge bioremediation scenario. Various other researchers have utilized the analysis of variance approach for demonstrating the impact of various treatments on the extent of biodegradation and microbial activity. 3, 11, 12, 21 From the ANOVA results some variation is found between the signicant and insignicant effects for the two response variables chosen, i.e., oil degradation and culture growth in suspension. The main effect of bioaugmentation with microorganisms was to increase oil degradation and this effect was found to be signicant. In contrast, the main effect of bioaugmentation on culture growth in suspension was to reduce culture growth. However this reduction was found to be insignicant based on the ANOVA results. The increase in oil degradation corresponding with a negligible increase in culture growth in suspension may be because of an increase in N 0 due to bioaugmentation causing nutrient deciency. The enzymes produced by the microorganisms present at high concentrations could have promoted higher oil degradation. This may also be due to the different uptake mechanisms exhibited by the microbes responsible for oil degradation. In such sludges, oil mostly exists as sorbed oil rather than free phase oil. Microorganisms also associate with particulate matter in the sludge and some sorbed hydrocarbons may have been utilized through direct interfacial uptake. Thus, viable count in the aqueous phase is not a true measure of microbial activity in the system. Degradation of oil is a better measure of the activity of oil degraders in this system, although obtaining estimates of degradation is more laborious and time consuming. Biostimulation with nutrients and surfactants was found to cause an increase in the growth of microorganisms in the aqueous phase. Surfactants are known to facilitate micellar solubilization of oil and emulsication of oil and are thus likely to cause the desorption of oil. Moreover, surfactants are known to alter microbial cell surface hydrophobicity 19, 20 such that the distribution of microorganisms in the system may be altered. The simultaneous addition of nutrients possibly promoted oil degradation by microorganisms suspended in the aqueous phase, thereby leading to higher culture growth in the aqueous phase.
Microbial activity in the aqueous phase led to a change in the color of the aqueous suspension aer 30 days. This phenomenon may be indicative of oil/hydrocarbons leaching out over time or possibly due to the accumulation of intermediates formed during microbial degradation of oil. While the oil/ hydrocarbon content in the aqueous suspension across the various treatments was negligible both initially and aer 30 days, the TOC in the aqueous phase was signicantly higher aer 30 days (Fig. 4 ). An increase in TOC was also observed for the un-inoculated controls. The increase in TOC suggests the accumulation of soluble intermediates formed during the biodegradation of oil associated with the sludge. In most cases, the increase in TOC per unit decrease in TPH was found to vary from 4% to 12%, while it was found to be 30% for the uninoculated controls. Thus, the bioaugmentation and biostimulation strategies used led to more complete biodegradation and comparatively lower accumulation of intermediates. Fig. 2 Magnitude of main effects and binary and ternary interaction effects for the oily sludge biodegradation study as per 2 3 factorial design for (a) oil degradation and (b) culture growth in suspension as the response variable. The increase in TOC per unit decrease in TPH was least (4%) when all three strategies (bioaugmentation, addition of nutrients and addition of surfactant) were employed simultaneously.
Various researchers have shown the benecial effects of bioaugmentation on the degradation of oil associated with sludges and soil, 1, 15, 28 as observed in this study. Bioaugmentation works best in scenarios where the indigenous population is very low.
3 In many scenarios, bioaugmented microorganisms have been found to be unable to adapt to the conditions prevailing in the contaminated environment. Bento et al.
12 demonstrated how the presence of indigenous cultures in the soil limited the activity of bioaugmented microorganisms in a diesel contaminated soil system. They were unable to establish a correlation between TPH degradation, various treatments and the activity of diesel degrading microorganisms since the indigenous microbial population degraded diesel more efficiently than the microbial consortium introduced during bioaugmentation. Tahhan et al. 28 also demonstrated that indigeneous microorganisms could degrade hydrocarbons when oily sludge was added to soil without bioaugmentation. However, successive bioaugmentation with the enriched indigenous consortium could improve the TPH removal rates. Alici et al. 15 reported that bioaugmentation with tailored microbial consortia could facilitate bioremediation of soil co-contaminated with diesel and heavy metals and up to 75% removal could be achieved in 42 days. Mariano et al. 3 reported that various amendments could enhance TPH removal to 45.5% over a period of 55 days; however, bioaugmentation with nonindigeneous cultures had no signicant benecial effect on TPH removal. Ayotamuno et al. 29 reported that bioaugmentation with extraneous microorganisms along with regular mixing and watering resulted in a 63.7-84.5% reduction in TPH over a duration of six weeks. In general, bioaugmentation is reported to be more successful in scenarios where the indigenous microorganisms native to the soil/sludge were enriched and added. Similar ndings are revealed in our study. The low oil degradation (in run 1) due to depletion of the indigenous microorganisms originally present in the sludge during prolonged storage of the oily sludge could be partially overcome by bioaugmentation with indigenous microorganisms.
In the present study, addition of nutrients alone or in combination with bioaugmentation could enhance oil/TPH degradation signicantly. The impact of nutrient addition on oil biodegradation is reported to vary widely and is possibly dependent on system specic conditions. Gallego et al. 2 reported signicant enhancement, such that upon addition of inorganic nitrogen and phosphorous up to 90% degradation of diesel was observed under laboratory conditions. In 12 week long laboratory studies on degradation of petroleum sludge and contaminated soil, Gojgic-Cvijovic et al.
11 demonstrated that the addition of nutrients (NPK) offered a greater benecial effect compared to surfactant addition when culture growth in the aqueous phase was used as the response variable. Admon et al. 30 found that the degradation of oily sludge contaminated soil occurred only aer application of nutrients in the ratio of C : N : P ¼ 50 : 10 : 1. Liu et al. 31 found that the addition of manure (as nutrients) to oily sludge signicantly increased the microbial activity and diversity, TPH in the treated sludge decreased by 58.2% over 365 days of bioremediation in comparison to only 15.6% in the control plot. Machin-Ramirez et al. 32 demonstrated that addition of commercial fertilizers enhanced the degradation of weathered oily sludge, with removal of 24% of TPH over a duration of 25 days. In contrast, Tahhan et al. 28 demonstrated the inhibition of oily sludge biodegradation upon addition of nutrients, possibly due to the higher concentration of nitrogen and phosphorus already present in the sludge. In addition to nutrients, TPH biodegradation is oen limited due to the hydrophobicity and low aqueous solubility of the constituent hydrocarbons. Surfactants may help in increasing the bioavailability of sorbed oil through micellar solubilization and emulsication. However, the use of surfactants in bioremediation experiments has been reported to both stimulate as well as inhibit hydrocarbon degradation, inuenced by various chemical properties of the surfactants and its interaction with microorganisms. 17, 19, 20, 33 In the present study, the main effect of the addition of surfactants was statistically signicant both for microbial growth in suspension and oil degradation. The binary interaction of surfactant addition and nutrient addition and that of surfactant addition and bioaugmentation were insignicant for both the response variables chosen. The only signicant binary interaction was that of nutrient addition and bioaugmentation with microorganisms, however it was only marginally signicant (0.1 > p-value > 0.05). In contrast, the 3-way interaction between surfactant addition, nutrient addition and bioaugmentation was signicant even at a 98% condence level for both the measured response variables. Thus, the simultaneous addition of nutrients, surfactants and indigenous microorganisms had a synergistic effect on both oil degradation and culture growth.
Although synergism/antagonism has not been specically explored by other researchers, several studies have reported enhanced TPH degradation when surfactant addition is combined with other strategies. Cameotra and Singh 34 reported that the effects of the addition of nutrients with bacterial consortia and crude biosurfactant with bacterial consortia resulted in less TPH degradation (91-95%) in comparison to when nutrients and surfactants were added together (98% TPH degradation). Rahman et al. 21 reported that the addition of rhamnolipid biosurfactant increased the degradation of light n-alkanes in a scenario where soil mixed with oily sludge was treated. However, simultaneous supplementation with inorganic nutrients and rhamnolipid biosurfactant resulted in more complete degradation.
Conclusion
Addition of enriched indigenous microbes, addition of nutrients and addition of surfactant signicantly enhanced oil degradation in sludge over and above that observed in the controls. Sludge biodegradation studies using 2 3 factorial design with oil degradation and microbial growth over 30 days as response variables revealed that the main effect of nutrient addition and surfactant addition enhanced oil degradation and culture growth in suspension and these effects were signicant at a 90% condence level. However, the main effect of bioaugmentation only enhanced oil degradation but did not increase microbial growth in suspension. This may indicate the possible role of microorganisms attached on sludge solids in degrading sorbed oil. The binary interactions are found to be insignicant except for that between nutrient addition and bioaugmentation, which was found to have a synergistic effect.
No other studies have revealed such a high ternary interaction effect between surfactant addition, nutrient addition and bioaugmentation, indicating signicant synergistic interactions among these strategies on oil degradation and microbial growth. Thus, the effect of the various factors is not solely additive. The characteristics of the sludge, the characteristics and composition of the oil in the sludge and the nature of the indigenous microorganisms present possibly affected the results.
